Using metallic Ti powder as raw materials and 1,2-diaminocyclohexane (DACH) as the trial template, two novel reduced titanophosphate open-structures were hydrothermally isolated by varying the H3PO4/H2O ratio to adjust the pH value. TiPO-1 crystallizes in orthorhombic Pbca space group with cell parameters a = 21.956(3) Å, b = 8.6268 (11) . TiPO-1 is constructed by infinite -Ti-O-Ti-O-linkage that is capped by PO4 groups to form a chain structure with protonated DACH molecules occupying the interchain spaces. TiPO-2 represents a rare 3-D reduced titanophosphate with 12-MR channels. The structure of TiPO-2 is a neutral framework with water molecules located in the channels.
Introduction
Transition metal phosphate open-structures are of great interest due to their wide applications in redox catalysis, ionexchange, photochemstry and magnetism. [1] [2] [3] The structural diversity that stemmed from the variable coordination geometry and oxidation states has directed to the extensive expansion of open-framework transition metal phosphates, including Zn, Co, Zr, Fe, Ni, and V phosphates, with large dimensions, unique topologies and novel polyhedral connectivities. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Titanium phosphates have shown important properties in materials science, such as the second harmonic generation crystal KTiOPO 4 , the excellent ion-exchange and adsorptive properties of layered α-Ti(HPO 4 ) 2 , γ-Ti(H 2 PO 4 )-(PO 4 )·H 2 O, and the NASICON-type MTi 2 (PO 4 ) 3 as fast ionic conductors or low thermal expansion ceramics. [14] [15] [16] [17] [18] However, the open-structured titanophosphates are still limited in literature up to date. Rb 2 Ti 3 O 2 (PO 4 ) 2 (HPO 4 ) 2 was the first synthetic example with 12-ring channels for the persuit of new KTP-related compound. 19 Two layerd structures and an anhydrous form of γ-Ti(H 2 PO 4 )(PO 4 )·H 2 O were reported in the early 1990s. [20] [21] [22] Clearfield and co-workers contributed three porous structures, which contain monomeric, dimeric and trimeric TiO 6 octahedra respectively. 23 Several new titanophosphate and titanophosphonate compounds were isolated by Ferey's group and Pang's group in the past few years. [24] [25] [26] [27] [28] [29] The first templated microporous mixvalent Ti III Ti IV titanophosphate were reported by Sevov. 30 Of the known titanophosphate compounds, reduced materials are rare and interesting for catalytic, magnetic properties. Recently, two reduced titanium gallophosphates were synthesized, including a novel microporous phase possessing 10-MR channels and reversible oxidation state of Ti III species in these compounds. The Ti:P ratio were measured by energy dispersive X-ray analysis on three crystals of each sample with the average results of 10.78:5.97 for TiPO-1 and 10.56:6.24 for TiPO-2 respectively, which were close to the theoretical values.
Single crystals of TiPO-1 and TiPO-2 were mounted on glass fibers. The data were collected on a Siemens Smart CCD diffractometer equipped with a normal focus, 2.4 KW sealed tube X-ray source. The structure was solved by directed method. The titanium and phosphorous and oxygen atoms were first located and the carbon, nitrogen and part of hydrogen atoms were found in the final difference Fourier maps. Structure solution and refinement were performed by using SHELXTL (Ver. 5.01) program. Crystal data and details of structure refinement are given in Table 1 . The atomic positions are listed in Table 2 and Table 3 for TiPO-1 and TiPO-2 respectively.
Results and Discussion
TiPO-1 and TiPO-2 were synthesized by varying the H 3 PO 4 / H 2 O ratio to adjust the pH value of the starting mixtures. The speciation of titanium in solution has been claimed depending on several factors. In the present system, the pH value plays the key role. Studies on the hydrolysis of Ti 3+ cation indicate the tendency of formation Ti 2 (OH) 2 4+ dimer and containing significant amount of Ti 4+ cations in the system even at very low pH value. 33 This makes it more difficult to understand the hydrolysis behavior and the formation mechanism of TiPO-n. Ferey's group has systematically investigated the deprotonation of Ti 4+ to study the formation mechanism of Ti IV titanophosphates. 34 Deprotonation lead to condensation through phosphate bridges. The dimensionality of the crystal is affected by the protonation of phosphate group. When the acidity decreases, condensation of TiO 6 occurs through the formation of Ti-O-Ti bond including clusters and chains. The phenomenon in the formation of TiPO-n is similar to Ferey's observations, which suggests the hydrolysis of Ti 4+ cations at different acidity directed the structural variation of TiPO-n. The comparison between the experimental and simulated powder XRD patterns indicates both of TiPO-1 and TiPO-2 are isolated as pure phase (Figure 1) .
Single crystal structure refinement reveals that TiPO-1 crystallizes in the orthorhombic space group Pbca. The asymmetric unit of TiPO-1 contains 21 non-hydrogen atoms, one Ti, two P, ten O, two N and six C atoms (Figure 2 ). The Ti atom is hexagonally coordinated by six O atoms with the bond lengths of 1.914(7)-2.083(7) Å. The bond angles range from 87.07 (18) o to 179.63 (12) TiPO-1 is a structural analogue to AlPO-CJ10 (a chain structure of fluoroaluminophosphate), 35, 36 LiNa 2 HAl(PO 4 ) 2 -(OH), Na 4 Al(PO 4 ) 2 (OH) and Na 3 Al(OH)(HPO 4 )(PO 4 ), 37, 38 Ti IV titanophosphate JTP-A and mineral tancoite. 28 Similar chain structures also occur in two gallophosphates. 39 These reveal some relationship between alumino-, gallophosphate and titanophosphate. In JTP-A, the -Ti 24 The rigid DACH template directs to a linear chain structure.
Compound TiPO-2 crystallizes in the triclinic space group P . The asymmetric unit contains eighteen non-hydrogen atoms, two Ti, three P and thirteen O ( shown in Figure 8 . Thermogravimetric analysis of TiPO-1 shows a two-step weight loss. The 6.05% weight loss at 150- 
Conclusions
The present study shows that various topologies of titanophosphates could be formed by adjusting the starting compositions under the assistance of organoamine. Two novel mix-valent titanophosphate open-structures have been successfully isolated under hydrothermal conditions. The structures varied from 1-D chain of TiPO-1 to 3-D tunnel structure of TiPO-2 by changing the H 3 PO 4 /H 2 O ratio. TiPO-2 is a rare example of three-dimensional reduced titanophosphate with intersecting 12-MR apertures, which indicates that large dimensions could be accessed in the family of reduced titanophosphates. 
